The conventional seismic trace can be viewed as the real component of a complex trace which can be uniquely calculated under usual conditions. The complex trace permits the unique separation of envelope amplitude and phase information and the calculation of instantaneous frequency. These and other quantities can be displayed in a color-encoded manner which helps an interpreter see their intcrrelationahip and spatial changes. The significance of color patterns and their geological interpretation is illustrated by example\ of seismic data from three areas.
INTRODUCTION
This paper has two objectives: specifically to (I) explain the application of complex trace analysis to seismic data and its usefulness in geologic interprctation and (2) illustrate the role of color in conveying seismic information to an interpreter. Expressing seismic data in complex form also yields computational advantages which are discussed in Appendix A.
Transformations of data from one form to another are common in signal analysis, and various techniques are used to extract significant information from time series (seismic data). Interpreting data from different points of view often results in new insight and the discovery of relationships not otherwise evident.
The transformation of seismic data from the time domain to the frequency domain is the most common example of data rearrangement which provides insight and is useful in data analysis. The Fourier transform, which accomplishes this. allows us to look at average properties of a reasonably large portion of a trace, but it does not permit examination of local variations. Analysis of seismic data as an analytic signal, complex wuw unalyis, is a transform technique which retains local significance. Complex trace analysis provides new insight, like Fourier transforms. and is useful in interpretation problems.
Complex trace_ analysis tiff&s a natural_sepamtinn~ of amplitude and phase information. two of the quantities (called "attributes") which are measured in complex trace analysis, The amplitude attribute is called "reflection strength". The phase information is both an attribute in its own right and the basis for instantaneous frequency measurement. Amplitude and phase information are also combined in additional attributes, weighted average frequency and apparent polarity. Signal analysis can also be viewed as a communications problem. The ob.jective is to make an interpreter aware of the information content of data, including an appreciation for the reliability of measurements and how information elements relate to each other. The display of data is an inherent part of the analysis. Seismic data are conventionally displayed in variable area, variable density, vat-iable amplitude (wiggle). or a combination of these forms. Display scale and vertical-to-horizontal scale ratio are variables whose judicious choice can aid analysis (Sheriff and Farrell. 1976 ). Display parameters also include trace superposition, bias, and color. Color has proven to be especially effective in complex trace analysis.
The literature on the use of color In geophysics is limited. Balch (1971) 
CALCULATION OF THE COMPLEX TRACE
Complex trace analysis is discussed in electrical engineering and signal analysis literature (Gabor. 1946; Bracewell, 1965; Cramer and Leadbctter, 1967; Oppcnheim and Schafer. 1975) . Some applications to seismic signal problems are given in Farnbach (197% and Taner and Sheriff (1977) . However, explanation of the application to seismic signal analysis is not available in the geophysical literature.
Basic definitions
Complex trace analysis treats a seismic trace .f (t) as the real part of an analytical signal or complex trace, F(t) =.f(t) +if*(r).
The quadrature (also called conjugate or imaginary) component ,f* (t) is uniquely determinable from f(t) if we require that f' * 0) I) be determined from f' (t) by a linear convolution operation. and 2) reduces to phasor representation iff (f) is a sinusoid, that is, f*(r) = A sin (wt + 0) if f(t) = A cos (wt + 0) for all real values ol' A and 0 and all w>o. These rules determine J' *(I) uniquely for any function ,f' (t) which can be represented by a Fourier series or Fourier integral.
The use of the complex trace F(r) makes it possible to define instantaneous amplitude, phase, and frequency in ways which are logical extensions of the definitions of these terms for simple harmonic oscillation. Complex traces can ;IIVI be used in similarity calculations. enabling us to lind more precisely the relative arrival times of a common signal appcaring on different traces (Appendix A).
The real seismic trace ,f (t) can he expressed in tcnns of a time-dependent amplitude A (t) and a timedependent phase 0(r) as
.f' (I) = A (t) cos d(t). (I)
The quadrature trace ,f* (1) then is
and the complex trace F(r) is F(t) = J' (t) + jf"(t) = A (t) P(1).
If f' (t) and .J* (f) are known. one can solve for A(t) and 0(t): 
--m where d(7) is the differentiation filter (Rabiner and Gold. 1975, p. 164) . A difficulty with this is that the phase must be continuous, whet-cas the arctangent computation of equation (5) give\ only the principle value. We then have to "unwind" the phase by determining the location of2n-phase jmps and correcting them.
A more convenient way of computing the instantaneous frequency is to compute the derivative of the arctangent function itself w(t) = f {tan-' lY* 0) /f (t)ll, 
where the derivatives off(t) and f* (t) can be computed in convolutional form as in equation (7).
We also define a weighted average frequency G(t) as i%(t) = 
SIGNIFICANCE OF ATTRIBUTES
Attribute measurements based on complex trace analysis were defined in the preceeding section. We now examine their significance and color representations as originally described by Taner et al (1976).
Reflection strength
Reflection strength (amplitude of the envelope) is defined by equation (4). Reflection strength is independent of phase. It may have its maximum at phase points other than peaks or troughs of the real trace, especially where an event is the composite of several reflections. Thus, the maximum reflection strength associated with a reflection event may be different from the amplitude of the largest real-trace peak or trough.
High-reflection strength is often associated with major lithologic changes between adjacent rock layers, such as across unconformities and boundaries associated with sharp changes in sea level or depositional environments. High-reflection strength also is often associated with gas accumulations. Strength of reflections from uncomformities may vary as the subcropping beds change, and reflection strength measurement may aid in the lithologic identification of subcropping beds if it can be assumed that deposition is constant above the unconformity so that all the change can be attributed to subcropping beds.
Lateral variations in bed thicknesses change the interference of reflections; such changes usually occur over appreciable distance and so produce gradual lateral changes in reflection strength. Sharp local changes may indicate faulting or hydrocarbon accumulations where trapping conditions are favorable. Hydrocarbon accumulations, especially gas, may show as high-amplitude reflections or "bright spots". However, such bright spots may be noncommercial and, conversely, some gas productive zones may not have associated bright spots.
Observing where, within a reflection event, the maximum reflection strength occurs provides a measure of reflection character. Occasionally, this can be used to indicate reflection coefficient polarity as shown by Taner and Sheriff (1977, p. 327). Constancy of character may aid in distinguishing between reflection events from a single reflector and those which are a composite of reflections The strength of reflections from the top (11' massive beds tends to remain constant over a large region. Reflections of nearly constant strength provide good references for time-interval measurements.
The usual color-encoding of reflection strength is referenced to the maximum reflection strength which occurs on a seismic section or in an area, using a different color for each dB step (Figure 6a ). Using the same color reference for the data over an area provides color ties at line intersections. providing data recording conditions were unifornl or corrections for nonuniform recording conditions were made in processing. The reference can be changed where desired.
Instantaneous phase
The instantaneous phase, defined hy equation (5), emphasizes the continuity of events. Instantaneous phase is a value associated with a point in time and thus is quite different from phase a$ a function of frequency, such as given by the Fourier transform. In phase displays, the phase corresponding to each peak. trough, zero-crossing, etc. of the real trace is assigned the same color so that any phase angle can be followed from trace to trace.
Because phase is independent of reflection strength, it often makes weak coherent events clearer. Phase displays are effective in showing discontinuities, faults, pinchouts, angularities, and events with different dip attitudes which interfere with each other.
Prograding sedimentary layer patterns and regions of on-lap and off-lap layering often show with special clarity so that phase displays are helpful in picking "seismic sequence boundaries" (Payton. 1977 
. p. 310).
Phase displays use the colors of the color wheel (Figure 6b ) so that plus and minus I80 degrees are the same color (purple) because they are the same phase angle. The cosine of the instantaneous phase angle is also displayed in black and white and is often used as a background for other displays (as in Figures 8 and IO-13 ).
Instantaneous frequency
Instantaneous frequency, defined by equation (6) A shift toward lower frequencies ("low-frequency shadow") is often observed on reflections from reflectors below gas sands, condensate, and oil reservoirs. Low-frequency shadows often occur only on reflections from reflectors immediately below the petroliferous zone, reflections from deeper reflectors appearing normal. This observation is empirical and many have made the same observation, but we do not understand the mechanism involved. Two types of explanations have been proposed: (I) that a gas sand actually filters out higher frequencies because of (a) frequency-dependent absorption or (b) natural resonance, or (2) that traveltime through the gas sand is increased by lower velocity such that reflections from reflectors immediately underneath are not summed properly. These explanations seem inadequate to account for the observations. Fracture zones in brittle rocks are also sometimes associated with low-frequency shadows.
Frequency is usually color-coded in 2-Hz steps ( Figure 6~ ). The red-orange end of the spectrum usually indicates the lower frequencies and the bluegreen end, the higher frequencies. Frrquencie\ lower than 6 Hr arc usually left uncolored. 
Apparent polarity
While all attribute measurements depend on data quality and the quality of the recording and processlng, apparent polarity measurements are especially sensitive to data quality. Interference may result in the reflection strength maximum occurring near a zero-crossing of the seismic trace so that the polarity may change sign as noise causes the zero-crossing of the trace or the location of the reflection strength maximum to shift slightly. The analysis of apparent polarity assumes a single reflector, a zero-phase wavelet. and no ambiguity due to phase inversion. However, since most reflection events are composites of several reflections, polarity often lacks a clear correlation with reflection coefficient and hence it is qualified as apparent polarity.
Polarity sometimes distinguishes betw,een different kinds of bright spots (Figures 7c and 7f) . Bright spots associated with gas accumulations in elastic sediments usually have lower acoustic impedance than surrounding beds and hence show negative polarity for reservoir top reflections and positive polarity for reflections from gas-oil or gas-water interfaces (often called "flat spots") ( Figure Xc. event D) .
Ordinarily, apparent polarit) is color-coded magenta and blue for positive and negative, respectively, with the hue intensity graded in five steps according to reflection strength (Figure 6d ).
Display of attributes
Each attribute to be displayed involves a value associated with each sample point. Assimilating and digesting such masses of data pose a major problem. Our usual practice is to color-encode the data and display these in a seismic-section format most 
General interpretation considerations
The vJarious attributes rcvcal more as a set than they do individually. 
Sum of time series
We can consider simple filtering as a summation and measure its performance by measuring the outputto-input power ratio. The sum is given by summing real and imaginary parts, 
